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A quantum emitter efficiently coupled to a nanophotonic waveguide constitutes a promising sys-
tem for the realization of single-photon transistors, quantum-logic gates based on giant single-photon
nonlinearities, and high bit-rate deterministic single-photon sources. The key figure of merit for such
devices is the β-factor, which is the probability for an emitted single photon to be channeled into
a desired waveguide mode. We report on the experimental achievement of β = 98.43 ± 0.04% for a
quantum dot coupled to a photonic-crystal waveguide, corresponding to a single-emitter cooperativ-
ity of η = 62.7±1.5. This constitutes a nearly ideal photon-matter interface where the quantum dot
acts effectively as a 1D ”artificial” atom, since it interacts almost exclusively with just a single prop-
agating optical mode. The β-factor is found to be remarkably robust to variations in position and
emission wavelength of the quantum dots. Our work demonstrates the extraordinary potential of
photonic-crystal waveguides for highly efficient single-photon generation and on-chip photon-photon
interaction.
PACS numbers: 42.50.Ct, 78.67.Hc, 42.50.Ex, 81.05.Ea
The proposals of quantum communication [1] and
linear-optics quantum computing [2] have been major
driving forces for the development of efficient single-
photon (SP) sources [3–5]. Furthermore, the access to
photon nonlinearities that are sensitive at the SP level
[6, 7] would open for novel opportunities of construct-
ing highly efficient deterministic quantum gates [7–13].
A single quantum emitter that is efficiently coupled to
a photonic waveguide [14] would facilitate such a SP
nonlinearity, enabling the realization of single-photon
switches and diodes [7–9], as well as serve as a highly
efficient single-photon source. Waveguide-based schemes
offer highly efficient and broadband channeling of SPs
into a directly usable propagating mode where even the
photon detection can be integrated on-chip [15]. The
associated SP nonlinearity constitutes a very promising
and robust alternative to the technologically demand-
ing schemes based on the anharmonicity of the strongly-
coupled emitter-cavity system [16–19].
In the present work we consider a single quantum dot
(QD) embedded in a photonic-crystal waveguide (PCW).
The important figure of merit is the β-factor:
β =
Γwg
Γwg + Γrad + Γnr
=
Γc − Γuc
Γc
, (1)
which gives the probability for a single exciton in the
QD to recombine by emitting a single photon into the
waveguide mode. Γwg and Γrad are the rate of decay
of the QD into either the guided mode or non-guided
radiation modes, whereas Γnr denotes the intrinsic non-
radiative decay rate of the QD. The β-factor is related to
the single-emitter cooperativity η = β/(1 − β). [20] Ex-
perimentally, the β-factor can be obtained by recording
the decay rate of a QD that is coupled to the waveguide
Γc = Γwg + Γrad + Γnr and the rate of an uncoupled QD
Γuc = Γrad + Γnr in the case where the difference be-
tween the total loss rates (Γrad + Γnr) of the two QDs is
negligible.
Recent proposals have indicated that the β-factor in
PCWs may approach unity [21, 22]. However, measur-
ing a near-unity β-factor is experimentally challenging,
because the reliable extraction of Γuc is not straightfor-
ward. A proper measurement of the β-factor requires the
precise determination of Γuc for a QD that is coupled to
the waveguide. In previous work [23–27] Γuc was esti-
mated either from QDs spectrally tuned to the band gap
of the photonic crystal, or from QDs positioned outside
the waveguide region (for a more detailed discussion of
the previous experimental methods, see [28]). The draw-
back of both approaches is that the modifications in the
coupling to the non-guided modes from the presence of
the waveguide are not accounted for, which may lead to
largely incorrect estimates of the β-factor, as revealed by
numerical simulations.
In the present work, the β-factor is experimentally de-
termined by comparing the decay rate of a QD coupled
to the waveguide mode Γc to that of a very weakly cou-
pled QD, which constitutes an upper bound of Γuc. One
of the key differences to previous work is that both Γc
and Γuc are obtained by directly detecting the propagat-
ing waveguide mode, hence all measured QDs are spa-
tially positioned in the waveguide. This guarantees that
the spatial and spectral dependence of the coupling to
radiation modes due to the presence of the PCW are
correctly taken into account, which is essential for the
analysis. The validity of our experimental method is con-
2firmed by numerical simulations of the position and fre-
quency dependence of Γrad in the PCW structure. We ex-
perimentally demonstrate a SP channelling efficiency of
β = 98.43±0.04% for a QD in a PCW, which significantly
surpasses previously reported results exploiting atoms
[20, 29], nitrogen vacancy centres [30], single molecules
[3], or quantum dots [4, 23, 31] as the photon sources
in photonic-waveguide structures. This corresponds to a
single-emitter cooperativity η = 62.7 ± 1.5, which sur-
passes by almost one order of magnitude previously re-
ported values both with QDs [23] and atoms [20]. Such a
high coupling efficiency matches the level achievable with
superconducting microwave circuits, widely considered
one of the most mature platforms for scalable quantum-
information processing available today, and will lead to
novel opportunities for photonic quantum-information
processing [32].
A near-unity β-factor PCW SP source is illustrated in
Figure 1(a): a deterministic train of SPs in the waveguide
can be obtained since the excited QD will emit a pho-
ton into the waveguide with probability β, while out-of-
plane photon loss is strongly suppressed. High β-factors
are achievable due to the combination of two effects: a
broadband Purcell enhancement of the rate Γwg of cou-
pling into the waveguide and the strong suppression of
the loss rate Γrad due to the photonic-crystal membrane
structure. Different physical systems have been proposed
for obtaining a large β-factor: plasmonic nanowires rely
on the Purcell enhancement thereby increasing Γwg [31],
while dielectric nanowires [4, 30] mainly suppress the cou-
pling to radiation modes, i.e., decrease Γrad. In PCWs
the beneficial combination of the Purcell enhancement of
the PCW mode and the pronounced reduction of radia-
tion modes enables a near-unity β-factor.
In PCWs the Purcell enhancement is proportional to
the group index or slow-down factor ng = c/vg, where
c is the speed of light in vacuum. The group velocity
of light, vg, is the slope of the waveguide band, see Fig-
ure 1(b), which decreases at the waveguide band edge.
We have measured ng >50 close to the band edge, lead-
ing to expected Purcell factors close to 10 [21]. For the
method used to extract the ng, see [28]. Furthermore, the
photonic-crystal band gap strongly inhibits the in-plane
radiative loss rate of the dipole emitter, while total inter-
nal reflection limits the decay by out-of-plane radiation.
The calculated position dependent β-factor for a dipole
emitter in proximity of the band edge (ng = 58) and close
to the light line (ng = 5) is shown in Figure 1(e). The
fraction of the emission coupled to the waveguide and to
the radiation modes can be determined numerically and
Γwg and Γrad are obtained by multiplying by the mea-
sured average radiative decay rate of QDs in a homoge-
neous medium Γhom = 0.91±0.08 ns
−1. The measured
average nonradiative decay rate is Γnr = 0.030±0.018
ns−1. In the slow-light regime (ng = 58), β-factors ex-
ceeding 95% are predicted for dipole positions close to
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FIG. 1. (Color online).(a) Illustration of the device. A train
of single-photon pulses (red pulses) are emitted from a trig-
gered QD (yellow trapezoid). The photons are channeled with
near-unity probability into the waveguide mode with a rate
Γwg while the weak rate Γrad of coupling to radiation modes
implies that only very few photons are lost. The guided pho-
tons can be efficiently extracted from the waveguide through
a tapered mode adapter. (b) Projected TE band structure of
the PCW studied in the experiments displaying even (green)
and odd (black) waveguide modes in the band gap. In the
experiment only the even mode is studied. The shaded area
of the dispersion diagram corresponds to the continuum of
radiation modes. (c)-(d) Electric field intensity spatial pro-
files |Ex|
2 (right) and |Ey |
2 (left) for two different spectral
regions of the waveguide mode corresponding to two different
group indices ng. (e) Maximum β-factor of the two orthogo-
nal dipoles at ng = 58 (red) and ng = 5 (blue) calculated at
the positions indicated in the inset. The maximum β-factor
is the quantity measured in decay-dynamics experiments.
the field maxima of the waveguide mode (Figure 1(d)).
In agreement with previous results [21, 22], even outside
the slow-light regime (ng = 5), β-factors exceeding 90%
3are predicted for many positions in the waveguide, illus-
trating the extremely broadband coupling. The position
dependence of the β-factor, that is displayed in Figure
1(e), is determined by the spatial mode profiles of the
guided modes shown in Figure 1(c)-1(d).
We investigate light emission from a single layer of self-
assembled InAs QDs embedded in a GaAs PCW (see [28]
for sample description). In order to efficiently collect the
photons from the propagating waveguide mode, either
second-order Bragg gratings [33] or inverse tapered mode
adapters [34] are used. A numerical study of the coupling
efficiency of the two outcoupling methods is presented
in [28]. Scanning-electron microscope images of typical
devices are shown in Figure 2(a)-(c). Since the mode
adapters are designed to work in the regime of low ng,
a transition region is introduced in the photonic crystal
in order to couple from the high-ng waveguide mode into
the low-ng mode [35]. The length of the high-ng region
varies between 5.1 and 8.3 µm for different samples; a
short sample length is chosen to eliminate the formation
of Anderson-localized modes [36], which are detrimental
for obtaining a high waveguide transmission. The av-
eraged extinction length for light propagation in similar
waveguides was measured to be l ≃ 30 µm [37].
Figure 2(d) shows a high-power photoluminescence
spectrum of the waveguide mode collected from the grat-
ing under non-resonant excitation, which is used to char-
acterize the waveguide samples. The applied power is
approximately two orders of magnitude higher than the
saturation power of single excitons, i.e., single QD lines
can not be distinguished in this case. The spectrum dis-
plays a cut-off at 925 nm due to the waveguide band
edge and a transmission bandwidth of 35 nm. Similar
spectra were obtained when collecting the emission from
the inverse tapers. We also investigated waveguide struc-
tures where a change in parameters of the gratings led
to high reflectivity and the formation of sharp Fabry-
Pe´rot (FP) resonances within the waveguide bandwidth,
as shown in Figure 2(f). In these structures the coupling
to the waveguide mode for QDs spectrally positioned in-
between two resonances is very weak, implying that the
measured Γuc is close to the lower limit of Γrad + Γnr.
Time-resolved photoluminescence spectroscopy is em-
ployed to characterize the dynamics of QDs in a 20 nm
range, blue-detuned from the band edge cut-off. For
each QD line, decay curves are measured at an excita-
tion power level well below saturation, see Figure 2(h).
For details on how the decay curves are modeled, see [28].
We extract Purcell-enhanced decay rates of up to
Γc = 6.28 ± 0.15 ns
−1 in the high-ng waveguide sec-
tions (Figure 2(e)) and inhibited decay rates down to
Γuc = 0.098± 0.001 ns
−1 between two FP resonances in
the low-ng waveguide section (Figure 2(g)). This corre-
sponds to β = 98.43 ± 0.04%. We have measured the
β-factor for a total of 71 different QDs within a 20 nm
range in both the samples with grating and taper mode
 
LOW POWER
 
In
te
ns
ity
Wavelength (nm)
(a)
890 905 920 935
0.0
0.2
0.4
0.6
0.8
1.0
LOW POWERHIGH POWER
Ba
nd
 g
ap
W
G 
m
od
e  = (98.43 ± 0.04)%
 
In
te
ns
ity
Wavelength (nm)
920 921 922 923 924
0.0
0.2
0.4
0.6
0.8
1.0
In
te
ns
ity
Wavelength (nm)
(d)
0.1
1
10
(i)
(c)
 D
ec
ay
 ra
te
 
c (
ns
-1
)
0 2 4 6 8 10 12
100
101
102
103
 Cou
nt
s
911.40 nm
Time (ns)
920.33 nm
-50 -30 -10 10 30 50
0
10
20
30
40
(e)
(g)
Time Delay (ns)
Co
in
ci
de
nc
e 
Co
un
ts
(h)
(f)
(b)
g(2)(0) = 0.20
895 910 925 940
0.0
0.2
0.4
0.6
0.8
1.0
Ba
nd
 g
ap
FP
 fr
in
ge
s
 Inte
ns
ity
Wavelength (nm)
0.01
0.1
1
De
ca
y 
ra
te
 
uc
 (n
s-1
)
HIGH POWER
FIG. 2. (Color online). (a) Scanning-electron microscope im-
age of a typical device. QDs are excited in an area centered on
the PCW, and the resulting emission is collected either from
(b) the grating or (c) the tapered mode adapter. The scale
bars corresponds to 1 µm. (d) High-power emission spectrum
displaying the mode of the high-ng waveguide section for a
grating structure with weakly reflecting ends. (e) Low-power
spectrum with the corresponding decay rate Γc and β-factor
for a QD that is efficiently coupled to the waveguide. (f) High-
power emission spectrum for a low-ng waveguide section with
a highly reflective grating mode adapter. (g) Low power spec-
trum and decay rate Γuc of a QD spectrally in-between two
FP resonances. (h) Decay curves of QD-lines shown in (e) (red
curve) and in (g) (blue curve). (i) Measured autocorrelation
function of the QD in (e).
adapters, and the results are shown in Figure 3. In both
samples, the β-factors are above 90% for most of the
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FIG. 3. (Color online). (a) β-factors measured on the grating
samples and (b) on the samples with tapered waveguides. In
both figures, the band gap region above the waveguide cutoff
is indicated in grey.
QDs in a 5 nm range close to edge of the band-gap re-
gion, and we measure β-factors above 90% for QDs up to
20 nm spectrally detuned from the band edge, thus high-
lighting the robustness of these devices. These results
agree very well with the theoretical predictions of Figure
1(e), which shows that QDs with β-factor above 90% can
be expected even at ng = 5 for specific positions in the
waveguide. In the following we will focus on the high-
est β-factors found for QDs in the proximity of the band
edge. The SP nature of the emission lines is confirmed
by recording the normally ordered second order intensity
correlation function g(2)(τ) = 〈: Iˆ(t)Iˆ(t+τ) :〉/〈Iˆ(t)〉2 un-
der pulsed excitation. An example of a measurement for
the highest β-factor QD of Figure 2(e) is shown in Figure
2(i), where g(2)(0) = 0.20 is found at 0.63 of saturation
power. For further details about the analysis of g(2)(τ),
see [28]. Even stronger antibunching has been observed
for QDs in spectrally very clean regions of the waveguide
mode reaching g(2)(0) < 0.05 at excitation powers below
the saturation level.
The applied method for extracting the β-factor by
comparing Γc and Γuc of two different QDs is valid since
the variation of the total loss rate Γrad+Γnr between dif-
ferent QDs is small. Indeed, the variations in Γnr over the
wavelength range of relevance can be neglected [38] while
the spatial variation of Γrad has been calculated as shown
in Figure 4(b) for an efficiently (ng = 58) and weakly cou-
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FIG. 4. (Color online). (a) Position-dependent radiative loss
rate for a y-polarized (squares) or x-polarized (circles) dipole
emitting at either ng = 58 in the high-ng waveguide section
(red data) or ng = 7 in the low-ng waveguide section (blue
data). The shaded region indicates where the predicted Γrad
is above the experimentally extracted value of 0.063 ± 0.008
ns−1. (b) Calculated radiative rate as a function of position
for a dipole aligned along the y-direction (squares) or the x-
direction (circles) and emitting at ng = 58. The correspond-
ing emitter positions are indicated in the inset of Figure 1(e).
The shaded region indicates where the predicted decay rate is
above the experimentally extracted value of 6.28± 0.15 ns−1
for the high-β-factor QD.
pled (ng = 7) QD. The chosen values of ng correspond to
the cases of the QDs shown in Figure 2(e),2(g). For most
positions, Γrad is found to be lower than the experimen-
tal estimate based on Γrad = Γuc− Γnr (indicated by the
dashed line in Figure 4(a)), which is expected since resid-
ual coupling to the waveguide will increase the rate. At a
few spatial positions in Figure 4(a), the predicted Γrad is
found to be higher than the experimental rate. However,
as displayed in Figure 4(b) these are not the positions
where the large Purcell-enhanced decay rates observed
in the experiment appear (experimental values indicated
by the dashed line in Figure 4(b)), and we can thus ex-
clude that the QDs with highest β-factor are positioned
here, implying that the record-high β-factors constitute
conservative estimates.
In conclusion, we have for the first time unambigu-
ously measured a near-unity β-factor in a PCW, and
have shown the robustness of β with respect to the wave-
length and the spatial position of the emitter in the
PCW. This result proves the high potential of PCWs
5to achieve strong on-chip light-matter coupling between
a QD and a propagating mode, which opens the way for
the realization of transistors and gates for determinis-
tic quantum information processing. To this end highly
coherent photon emission is required, and decoherence
processes have been found to be slow for quasi-resonant
excitation of QDs in photonic crystals [42, 43] and could
be further extended by applying true resonant excitation
[39–41]. Furthermore, a highly-efficient SP source can be
built by optimizing the outcoupling mode adapters of our
structures, making the source immediately applicable for
linear-optics quantum-computing experiments.
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6SUPPLEMENTARY MATERIAL
A. Sample design and extraction of the group index
The samples consist of 160 nm thin GaAs (refractive index n = 3.45) photonic-crystal membranes with lattice
constants of either a = 238 nm or a = 235 nm and respective hole radii of r = 0.29a or r = 0.31a. A waveguide
is created by leaving out a single row of holes. A single layer of InAs self-assembled QDs, with a density of ∼100
µm−2 and an inhomogeneously broadened spectrum spanning the range of 920±25 nm, was grown by molecular beam
epitaxy in the center of the membrane. The photonic crystal structures were defined on a layer of resist (ZEP 520A)
by electron-beam lithography and then transferred into the GaAs layer by using a chlorine based coupled plasma
reactive-ion etching. Suspended membrane structures were formed by removing a 1-µm-thick AlGaAs sacrificial layer
underneath the GaAs layer with hydrofluoric acid vapour.
All waveguide samples used in the experiments are terminated by either inverse tapered or second-order Bragg
grating mode adapters [1, 2]. These mode adapters are best suited for coupling out low ng (fast propagating) modes.
However, light-matter interaction is strongest for high ng (slowly propagating) modes. A typical sample combining
two distinct waveguide sections is shown in Figure S5(a). The two sections shown as the blue and red shaded regions
are designed to support low-ng and high-ng modes, respectively, within their overlapping wavelength range (≃ 910-
930 nm). The determination of the dispersion relation for the waveguides allowed for a detailed comparison of the
measured β-factor with numerical simulations. For this purpose samples with increased reflectivity at the ends of
the waveguide structure were fabricated in order to create sharp Fabry-Pe´rot resonances. The free spectral range,
∆λi = λ
2
i /2L, is given by the center wavelength of the nearest peak, λi, and the optical path length between the
two reflective surfaces, L = lng, where l and ng denote the physical length of the structure and the group index. A
transition region between the red and the blue waveguide sections coupling the different ng modes is used in order to
minimize reflections at these interfaces [3]. Figure S5(a) shows an example of a sample that can be used to extract the
dispersion relation of the waveguide mode. These waveguides are terminated by a photonic crystal on one side and
by a grating mode adapter on the other side. While the waveguides have the same design parameters as the samples
where the β-factors have been measured, the grating is designed for longer wavelengths and has a different duty cycle
than the gratings used in β-factor measurements leading to an increased reflection back into the waveguide. The duty
cycle is defined as the ratio between the optical length in the material and the optical length outside the material for
a single period of the grating. The band edge of the red (blue) waveguide mode is spectrally positioned at around 930
nm (960 nm). The measurements are performed by moving the excitation spot along the waveguide from the blue to
the red section, and collecting the photoluminescence from the grating.
When the sample is excited in the blue section, the wavelengths above the band edge of the red waveguide mode
can not propagate in the red section of the sample, therefore the interface behaves like a high-reflectivity mirror. Due
to the high reflectivity of both the transition region and the grating structure, sharp Fabry-Pe´rot resonances appear
in the spectral range between 930 and 960 nm. A high-power spectrum of these resonances is shown on the right side
of Figure S5(b). The wavelength dependent group index nb(λ) for the blue waveguide mode is extracted as [4]:
nb(λi) =
λ2i
2lb∆λi
(2)
where λi is the central wavelength of the ith resonance, lb the length of the blue waveguide section, and ∆λi the
free spectral range. The free spectral range around the resonance is approximated as the average of the free spectral
range on either side of the resonance ∆λi = (λi+1 −λi−1)/2. The central wavelength λi has been extracted by fitting
each peak in the high-power spectrum with a Lorentzian lineshape. Due to the presence of Anderson localization
in the proximity of the band edge, the analysis has been limited to the wavelength region in which the Fabry-Pe´rot
resonances could be clearly distinguished from resonances arising due to random localization.
When the excitation spot is in the red waveguide section, only wavelengths below 930 nm can propagate to the
grating, and the Fabry-Pe´rot fringes shown on the left side of Figure S5(b) can be observed. In this second case, the
optical path length is given by L = nb(λ)lb + nr(λ)lr, where lr is the length of the red waveguide section and nr(λ)
its wavelength dependent group index. The group index nr(λ) can be calculated from:
nr(λi) =
λ2i
2lr∆λi
− nb(λi)
lb
lr
. (3)
The values of nb(λ) and nr(λ) extracted experimentally are shown in Figure S5(c), together with the corresponding
theory obtained from eigenvalue simulations of the structure. The calculated values of nb(λ) for λ < 930 nm have
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FIG. S 5. (a) Scanning electron microscope image of the sample used to extract the group index. The waveguide sections
supporting low-ng and high-ng modes in the wavelength region of interest are highlighted in blue and red, respectively. Their
lengths lb and lr are indicated. (b) High-power spectra of the Fabry-Pe´rot resonances when exciting the two different sections
of the sample. (c) Measured group index in the blue section (blue triangles) and in the red section (red diamonds), and
corresponding theoretical values obtained from eigenvalue simulations (lines). The wavelength range of interest (≃ 910-930
nm) for the β-factor measurements is highlighted in grey.
been used to extract nr(λ) according to Eq. (3). For the specific waveguide shown here the group index reaches
nr = 33. Furthermore we have measured ng > 50 for several samples close to the band edge of the high-ng waveguide
sections, which is where the high β-factors are observed in our experiments.
B. Optical measurements
The QDs were pumped optically using a Ti:Sapphire laser, which provided 3-ps pulses at 800 nm with a repetition
rate of 76 MHz. QDs with a slow decay rate were also investigated with a ps-pulse diode laser with a variable repetition
rate operated at 20 and 40 MHz and an excitation wavelength of 785 nm. The grating samples were investigated in
a helium-flow cryostat operated at 10 K. Both excitation and collection were performed with the same microscope
objective (NA = 0.65), where the excitation beam was moved to the center of the waveguide while the collection
was done from the grating. The tapered samples were mounted in a helium-bath cryostat operating at 4.2 K. The
excitation beam was focused by a top microscope objective with NA = 0.5, and emission was collected from the taper
with another microscope objective with NA = 0.65. The sample and the excitation objective were positioned by two
stacks of piezoelectric stages enabling motion in all three dimensions. Emission was sent to a spectrometer (600 or
1200 grooves/mm grating), where a CCD was used for spectral measurements and avalanche photodiodes were used
to record either the decay dynamics of the emitters as well as their intensity autocorrelation function.
C. Comparison of measurement methods
Different attempts of measuring the high β-factor in photonic-crystal waveguides have been reported in the litera-
ture. Lund-Hansen et al. [5] reported β = 89% by the use of a top-collection confocal setup for both excitation and
collection. With this method, however, only the photons leaking out of the waveguide are collected, which preferen-
tially probes QDs with relatively low coupling efficiency since the high β-factor QDs emit out of plane very weakly
and are thus not detectable. Furthermore, it is challenging to properly determine the decay rate of an uncoupled QD
by top-collection measurements, since the spatial resolution of the collection optics is not sufficiently high to ensure
that all detected lines originate from QDs spatially positioned in the waveguide. Finally, in this work the QD lines
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FIG. S 6. (a) Intensity correlation function from a Purcell enhanced quantum dot, recorded under above-band excitation
(800 nm) and at power well below saturation. (b) Intensity correlation histogram over a 2 µs time window, recorded under
longer-wavelength excitation (corresponding to the function in Figure 2(i) in the main text). The red line indicates the single
exponential fit to the data.
used to extract Γuc are spectrally positioned in the band gap of the photonic crystal, where the coupling to radiation
modes is weaker than in the waveguide mode [6]. This can potentially lead to overestimates of the β-factor.
In order to overcome the potential issue of spatial mismatch, one approach has been to temperature tune a Purcell-
enhanced QD across the waveguide band edge and into the band-gap region [8]. However, this approach is limited by
the rather elevated temperatures required to obtain a sufficiently large tuning range, which cause an increase in the
nonradiative decay Γnr and potentially residual coupling to the waveguide mode due to phonon-mediated processes
[9]. Both these effects can significantly contribute to Γuc, and thus limited the extracted values of β to 85.4%. In
recent work, experimental efforts have shifted towards the direct collection of photons coupled to the waveguide mode
[10–12]. However, Γuc was still extracted in a top-collection scheme [10, 11], either from QDs sitting in a defect-free
PC or with a method similar to that used in Ref. [5]. These approaches have the drawback of neglecting the changes
of the coupling to the radiation modes due to the presence of the line defect. In addition Ref. [12] did not take into
account any variation of Γnr between different QD samples used in different experiments.
D. g(2)(τ ) measurements
Measurements of the second order intensity correlation function were performed to ensure the single-photon nature
of the emission from the QDs. Due to the strong Purcell enhancement in proximity of the waveguide band edge and
the the use of a density of QDs of 100 µm−2, a pronounced background emission is present in high power spectra. For
this reason, precisely pinpointing the saturation power for single QD lines by mean of intensity measurements was not
straightforward, and only an estimate of the magnitude of the saturation power could be obtained from decay curve
analysis. The approximate knowledge of the saturation power was used to ensure that time resolved and intensity
correlation measurements under above band excitation were taken at powers well below saturation. An example of
a g(2)(τ) measurement recorded with above-band excitation (800 nm) at low power is shown in Figure S6(a). The
β-factor of the QD in this case was β = 94%.
In order to obtain cleaner spectra and measure the saturation power precisely, excitation at longer wavelengths was
performed. The data presented in Figure 2(i) of the main text have been recorded by exciting the QD at 880.02 nm.
The excitation power was fixed to 0.63 times the saturation power of the quantum dot transition. A power series was
used to extract the saturation power and to confirm that the line under investigation corresponds to a single exciton
line. The decay rate of the QD measured under higher-wavelength excitation was Γc = 6.28±0.15 ns
−1, corresponding
to β =98.43±0.04%.
Figure S6(b) shows the autocorrelation function presented in Figure 2(i) of the main text for time delays of up to 2
µs. One can notice the bunching at time delays close to zero, which is the typical signature of blinking [13]. Since the
9relevant time scale for operation of the single-photon source is the QD lifetime, we compare the residual central peak
to its first neighbouring peak [14]. We obtain g(2)(0) = 0.2, which quantifies the amount of multi-photon emission
of the source. The area of the first neighbouring peak has been extracted by fitting the data shown in Figure S6(b)
with a single exponential decay, and evaluating the fit at τ = 13 ns. Following the method presented in Ref. [13],
we extract an excitation efficiency of 40%, which specifies the probability that the QD is emitting on the studied
transition rather than blinking to another transition.
E. Simulation methods and results
Numerical simulations using a finite-element method (FEM) in the frequency domain have been performed to
model the coupling to radiation modes for a dipole emitter coupled to a PCW. The total power emitted by the
dipole in the waveguide relative to the total emitted power in a homogeneous medium can be expressed as P/Phom =
(Γwg + Γrad)/Γhom, where Γhom = 0.91±0.08 ns
−1 is the radiative decay rate of the QD in a homogeneous medium
that is recorded experimentally. By computing the values of Γwg and Γrad (see below) for specific positions and
dipole orientations, the radiative β-factor can be obtained from β = Γwg/(Γwg + Γrad), including the experimentally
extracted value of Γnr leads to Figure 1(e) in the main text.
The problem of defining appropriate boundary conditions for the waveguide mode in the numerical simulations
has been overcome by applying a set of active boundary conditions at the two ends of the waveguide [6, 7]. The
active boundary conditions absorb the propagating field with a mode profile given by the Bloch mode and a field
amplitude extracted from eigenvalue simulations. Perfectly matched layers (PMLs) are used at all the boundaries
of the simulation domain except for the two planes at the ends of the PCW, where active boundary conditions are
applied. The total power radiated by the dipole, P , is extracted by integrating the power flowing out of a small
cube surrounding the emitter. The power coupling to radiation modes, Prad, is extracted with the same method, but
using a box that surrounds the simulation domain. The yz-faces of this second box were left open to avoid including
any contribution from the waveguide mode in the integration. Convergence tests have been performed to ensure the
accuracy of the results with respect to mesh size, length of the waveguide, height of the active boundary conditions,
and size of the box used for the power integration. The power emitted into the waveguide mode can be then extracted
from Pwg = P − Prad.
Using the above outlined method Γrad is calculated for both x and y dipoles at different spatial positions within
the waveguide and the results are presented in Figure 4(a) in the main text. These calculations are performed for
ng = 58 and for ng = 7 in structures corresponding to the high-ng and to the low-ng waveguide sections, respectively.
In Figure 4(b) in the main text, Γwg+Γrad is shown for the same dipoles. The spectral positions within the respective
waveguides were chosen to check the validity of the method used to extract the high β-factors from the measurements
of QDs close to the band edge of the high-ng waveguide mode. An equivalent investigation was performed for a
dipole far blue detuned from the waveguide mode band edge, ng = 5, in structures corresponding to the high-ng
waveguide section. These simulations where used to show the validity of our method for the QD detuned 20nm from
the waveguide mode band edge and still exhibiting a β-factor above 90%. Finally the two simulations performed at
ng = 58 and ng = 5 were combined to show the broadband nature of these structures, which is presented in Figure
1(e) of the main text.
F. Decay curve analysis
The lowest exciton state of an InAs QD is described by a five-level model, formed by the ground state, two bright
states, and two dark states [15]. Due to an anisotropy in the strain, shape, and composition of the QD, the exchange
interaction separates the bright states in energy by the fine structure splitting. These states become linearly polarized
along the lattice directions [110] and [110] corresponding to the x- and y-direction of the photonic-crystal lattice shown
in Figure S7(a) [16]. For this reason, the exciton states are labeled respectively |X〉 and |Y〉.
The QD energy diagram is shown in Figure S7(b) together with an indication of the main decay channels for each
energy level. The two bright exciton states |Xb〉 and |Yb〉 can decay either radiatively to the ground state with decay
rate Γr,b or nonradiatively (Γnr,b), or decay into a dark state through a spin-flip process (γbd). The decay rate of the
bright state can thus be expressed as the fast decay rate ΓX,Yf = Γ
X,Y
r,b + Γnr,b + γbd. The dark states |X
d〉 and |Yd〉
can not recombine through the emission of a photon, so they decay only nonradiatively to the ground state or into
the bright state via spin flip with the slow decay rate ΓX,Ys = Γnr,d+γdb. At the relevant temperatures for the present
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FIG. S 7. (a) Spatial map of the calculated Purcell factor within the waveguide unit cell at ng = 36 for (top) a y-polarized and
(bottom) an x-polarized dipole. The red (green) bar represents a QD aligned along the y- (x-)direction and situated at a point
where both the bright exciton states of the QD interact with the Bloch mode. (b) Five level scheme of the first excited state
of a QD. The main decay channels for each state are indicated. (c) Decay curve fitted with a triple exponential model. The
black curve is the total fit to the data, whereas the red, green, and blue curves indicate the two fast decay components and the
slow component, respectively.
experiment γdb = γbd. The bright-bright spin-flip rates are neglected in the model, since they are much smaller than
the other decay rates [17]. For this reason, the |X〉 and |Y〉 excitons can be treated independently.
When the QD is embedded in a homogeneous medium, the model describing the dynamics of the quantum dot
population is a bi-exponential decay, ρe(t) = Afe
−Γft +Ase
−Γst, where Γf = Γ
X
f ≃ Γ
Y
f , Γs = Γ
X
s ≃ Γ
Y
s , and Af and As
are the amplitudes of each decay component. This model is derived by solving the rate equations for the population
of each energy level [17]. For QDs in a photonic-crystal waveguide, the coupling to the waveguide mode changes
the dynamics of the emitter. Figure S7(a) shows the Purcell factor distribution at ng = 36 for a dipole oriented
along the y-direction (top) and the x-direction (bottom). For certain positions in the waveguide unit cell, such as the
one indicated in the figure, both orthogonal dipoles |X〉 and |Y〉 are coupled to the waveguide mode. However, the
dipole oriented along the y-direction experiences a different Purcell enhancement than the dipole oriented along the
x-direction. In this case, the decay curves are triple exponentials:
ρe(t) = A
Y
f e
−ΓY
f
t +AXf e
−ΓX
f
t +Ase
−Γst +B(t) (4)
where B(t) accounts for a time dependent background level due to the contribution of other emitters coupled to the
waveguide mode. This background level is especially pronounced in high-density samples, where it may dominate the
contribution from Ase
−Γst. The example of a decay curve fitted with the triple exponential model is shown in Figure
S7(c), together with the individual decay components of the fit. The total radiative decay rate is given by the sum
of the decay rate into the waveguide mode and the one into radiation modes (Γr = Γwg,b + Γrad,b). Since it has been
shown experimentally that Γnr,b = Γnr,d [18], the radiative decay rate can be determined as Γf − Γs.
G. Single-photon source efficiency
We analysed the collection efficiency of the inverse taper and second-order Bragg grating mode adapters using
finite-element frequency domain calculations. In these calculations, a dipole source is placed in the waveguide and its
emission couples into the waveguide mode. As previously mentioned, the waveguides contain a high ng region followed
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FIG. S 8. (a)-(b) Collection efficiencies and far-fields for samples with (a) grating outcouplers, and (b) tapers. The plots show
the collection efficiency at a lens with NA = 0.65 (circles) and NA = 0.82 (diamonds) as a function of wavelength along the
waveguide band. The insets show the far-field radiation patterns at two different wavelengths with the circle indicating the
angles that fall within the numerical aperture of the lens used in the experiment (NA = 0.65). The centre of the far-field
patterns correspond to vertical emission, while the edge correspond to emission towards the horizon. (c)-(d) Cross-sections of
the far-field patterns. The colors correspond to the lines indicated in the insets of (a) and (b).
by a low ng region, which is then connected to the out-coupler. We compute the fraction of light collected by a lens of
given numerical aperture at one of the outcouplers. The results for the second-order Bragg grating is shown in Figure
S8(a). The gratings are optimized for a wavelength of 920 nm which approximately corresponds to the band-edge of
the waveguide. We computed that ∼45% of the light is collected by a lens with a numerical aperture NA = 0.65,
corresponding to the one used in the experiment, and that ∼70% of the emission can be collected by using a higher
numerical aperture (NA = 0.82).
Our samples have outcouplers on both sides of the waveguide, and each grating couples light out of the waveguide
mode to two different directions (up or down). Therefore the ratio of the light collected at the lens to the total power
in the waveguide mode corresponds to 25% of the efficiency shown in Figure S8(a). The insets in Figure S8(a) show
the far-field distribution intensity of light emitted from the gratings at two different wavelengths. As the far-fields
are non-Gaussian, they are not generally expected to couple well to single mode fibres although this has not been
quantified further. In order to better clarify this point, two orthogonal cross sections of the far-field patterns are
shown in Figure S8(c). Figure S8(b) shows the efficiency calculations for the inverse taper mode adapters. These
structures have an efficiency of ∼45% across the waveguide band for a lens with NA = 0.65 and up to ∼70% for a lens
with NA = 0.82. Since the mode can be coupled out on both sides of the waveguide, only half of the light is in the
waveguide is coupled by a single taper. The far-field intensity shown in the insets of Figure S8(b) indicates that the
tapers have a more symmetric emission pattern than the gratings, although the cross sections of the far-field pattern
shown in Figure S8(d) reveal that the mode is non-Gaussian, which will influence the coupling to a single-mode fiber.
The outcoupling efficiency of the gratings and tapers can be used to estimate the highest achievable count rate on
the APD. In the limit where the quantum dot emits a single photon each time it is triggered by an optical pulse,
the figure of merit for the maximum number of photons available inside the waveguide is the beta-factor. Since the
repetition rate of the laser in the experiment was 76 MHz, this leads to 74.8 million photons per second created in the
photonic-crystal waveguide for a beta-factor of 98.4%. Since the propagation losses in our structures are negligible,
this number is not significantly reduced after propagation. The presence of blinking observed in the autocorrelation
measurement translates to an effective reduction of the excitation efficiency of the QD transition, which reduces the
count rate in the waveguide to ∼30 million per second; however electrically gated structures combined with resonant
excitation have proven capable of eliminating this issue [19]. The expected count rate at the photon detector can be
estimated by considering the collection efficiency in the first lens of the outcouplers, and estimating the transmission
efficiencies of each optical component in the setup. We have a beam sampler with ∼90% transmission in the collection
12
arm, a total ∼50% loss in the fiber-to-fiber mating sleeves, 20% throughput of the spectrometer, and 35% efficiency
of the single photon detector, which lead to an overall setup collection efficiency of ∼3%. Putting these numbers
together leads to a highest achievable count rate of ∼100.000 counts per second from the grating structures. In our
experiment, we typically measure ∼10.000 counts per second. The discrepancy between expected and measured count
rates is most likely due to the mismatch between the non-Gaussian shape of the outcoupled mode and the single-mode
fiber mode. This could straightforwardly be improved by further design of the outcoupling structure.
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